Production of peanut (Arachis hypogaea L.) in reduced tillage systems has increased in the United States during the past decade. However, interactions of tillage system and crop rotation have not been thoroughly investigated for large-seeded, Virginia market type peanut. Research was conducted at two locations in North Carolina during 1999 to 2006 to compare yield of corn (Zea mays L.), cotton (Gossypium hirsutum L.), and peanut in diff erent rotations planted in conventional and reduced tillage. Crop rotation aff ected peanut yield but did not aff ect corn or cotton yield. Increasing the number of times corn, cotton, or a combination of these crops were planted between peanut increased peanut yields. Tillage aff ected cotton and peanut yield but not in every year or at both locations. Yield was similar in conventional and reduced tillage in 8 of 10 comparisons (cotton) and 6 of 8 comparisons (peanut). Crop rotation and tillage did not interact for visual estimates of plant condition of peanut as a result of disease, soil parasitic nematode populations when peanut was planted during the fi nal year of the experiment, crop yield, cumulative net return over the duration of the experiment, or bulk density in the pegging zone during the fi nal year of the experiment. Th ese data suggest that variation in response to rotation and tillage should be expected based on the crop and edaphic and environmental conditions. However, response to rotation and tillage most likely will be independent.
T he majority of peanut in the United States has historically been planted in conventional tillage (Sholar et al., 1995) . However, the percentage of peanut hectares in reduced or conservation tillage has increased during the past decade in the southern United States (Denton and Tyler, 2002) . Farmers in North Carolina reported an increase in reduced tillage production from 10% during 1998 to 23% during 2005 (Jordan and Johnson, 2006) . Growers in the southern United States have also adopted reduced tillage for cotton and corn (Denton and Tyler, 2002) .
Research has shown considerable variation in peanut response to tillage (Grichar, 1998; Jordan et al., 2001 Jordan et al., , 2003 Wright and Porter, 1995) . Higher yields in reduced tillage have been associated with lower incidence of tomato spotted wilt virus (TSWV), a Tospovirus, vectored by thrips (Frankliniella spp.) Marios and Wright, 2003) . Similar response of Virginia market type peanut to conventional and reduced tillage was observed regardless of fertilization practices or cultivar selection (Jordan et al., 2001 (Jordan et al., , 2003 . However, lower peanut yield was oft en noted in reduced tillage when Virginia market type peanut was planted on fi ne-textured soils compared with coarse-textured soils (Jordan et al., 2003; Jordan and Johnson, 2006) . Inconsistent response to reduced tillage in runner market type production has also been reported (Monfert et al., 2004) .
Th e value of increasing the number of years nonleguminous crops are planted between peanut to reduce pests and maintain or increase peanut yield is well documented (Jordan et al., 2002; Lamb et al., 1993; Rodriguez-Kabana et al., 1987; RodriguezKabana and Touchton, 1984) . Crops can respond diff erently to tillage when grown in diff erent cropping systems (Katsvairo and Cox, 2000; Porter et al., 1997; Raimbault and Vyn, 1991) . Corn and cotton yield is oft en similar when planted in reduced tillage or conventional tillage , although variable response to tillage and crop rotation and the interaction of these cultural practices have been reported (Balkom et al., 2006; Boquet et al., 2004; Burmester et al., 2002; Reddy et al., 2006; Vetsh and Randall, 2002; Vetsh et al., 2007) .
Fewer diseases aff ect corn and cotton compared with peanut (Ayers et al., 1989; Lamb et al., 1993; Rodriguez-Kabana et al., 1987; Rodriguez-Kabana and Touchton, 1984; Sidebottom and Beute, 1989) . Crop rotation can aff ect pest development and crop yield. Planting a diversity of crops in rotation can minimize disease and parasitic nematode populations and increase crop yield (Hague and Overstreet, 2002; Rodriguez-Kabana et al., 1987; Rodriguez-Kabana and Touchton, 1984) . However, the economic value of each crop in the rotation must be considered when formulating cropping systems (Godsey et al., 2007; Grandy et al., 2006; Sholar et al., 1995) .
Soil chemical and physical properties oft en change as a result of alterations in tillage practices. Lower soil bulk density is oft en observed in reduced tillage compared with conventional tillage when reduced tillage practices have been implemented for multiple years (Naderman et al., 2004; Overstreet et al., 2004) . Rowland et al. (2007) reported interactions among irrigation and tillage for peanut pod production. Fewer pods per plant were produced in reduced tillage compared with conventional tillage in subsurface irrigation.
Interactions of tillage and cropping systems have not been thoroughly evaluated for Virginia market type peanut. In runner market type peanut production, pod yield oft en is similar when peanut is planted in conventional and reduced tillage (Marios and Wright, 2003) . Determining if crop rotation infl uences yield response of Virginia market type peanut to reduced tillage would be benefi cial in defi ning when reduced tillage could be successfully implemented in peanut-based cropping systems.
Th e objectives of this research were to determine eff ects of tillage and cropping system on (i) yield of corn, cotton, and peanut; (ii) development of disease in peanut and plant parasitic nematodes; (iii) cumulative net return; and (iv) bulk density in the pegging zone.
MATERIALS AND METHODS
Experiments were conducted in North Carolina at the Peanut Belt Research Station located near LewistonWoodville on a Norfolk sandy loam (fi ne-loamy, siliceous, thermic, Typic Paleudults) and the Upper Coastal Plain Research Station located near Rocky Mount on a Goldsboro loamy sand (fi ne-loamy, siliceous, thermic, Aquic Paleudalts). Soil pH and organic matter over the duration of the experiment at Lewiston-Woodville was 5.9 to 6.2 and 9 to 11 g kg -1 , respectively. Soil pH ranged from 5.7 to 6.4 and organic matter 8 to 13 g kg -1 at Rocky Mount. Plot size was 12 rows (91-cm spacing) by 15 m (Lewiston-Woodville) or 8 rows (91-cm spacing) by 20 m (Rocky Mount).
Crops in the four rotations at Lewiston-Woodville were corn, cotton, and peanut, whereas only cotton and peanut were included at Rocky Mount (Table 1) . Th e amount of rainfall for each month from April through September during all years of the experiment is presented in (Shew, 2007) . Th e Virginia market type cultivar NC-V 11 was planted at Rocky Mount during 2000 and 2002 while the Virginia market type cultivar VA 98R was planted at this location during 2004 and 2006 . Th e cultivar NC-V 11 but not VA 98R is partially resistant to TSWV (Shew, 2007) . Both of these cultivars are susceptible to CBR (Shew, 2007) .
Within each cropping system, conventional tillage and reduced tillage were compared. Conventional tillage consisted of disking twice, fi eld cultivating once, and simultaneously subsoiling and bedding. Reduced tillage consisted of strip tilling a 40-cm wide band on 91-cm rows into residue from the previous crop at Rocky Mount or in a killed wheat (Triticum aestivum L.) cover crop at Lewiston-Woodville using strip tillage implements consisting of two sets of coulters and basket attachments following in-row subsoiling (KMC Manufacturing). Depth of subsoiling was 30 to 40 cm with crops planted within 1 wk following reduced tillage or bedding. Existing winter vegetation and emerged summer weeds were controlled using sequential applications of glyphosate [N-(phosphonomethyl)glycine] within 2 wk before planting. Seedbeds were weed free at the time of planting. Disease, insect, and in-season weed management inputs were held constant over the entire test area at each location for each crop and were based on North Carolina Cooperative Extension Service recommendations (Anonymous, 2008a (Anonymous, , 2008b (Anonymous, , 2008c Th e experimental design at Lewiston-Woodville was a split plot with crop rotation serving as the whole plot unit and tillage system serving as subplot units. Th is design was established to allow more effi cient management of crops throughout the growing season and to minimize pesticide drift to susceptible crops. A randomized complete block design was used at Rocky Mount. Subplots were replicated four times at both locations. Yield was determined for each crop during all years. Cotton lint yield was determined based on seed cotton yield assuming 33% lint turnout. Yield of corn and peanut were adjusted to fi nal moistures of 130 and 80 g kg -1 , respectively. Within 2 wk of peanut harvest during 2002 and 2006, ratings of visual estimates of plant condition (PCR) for peanut were recorded for each rotation and tillage combination on a scale of 0 to 100%, where 0 = no disease symptoms and 100 = the entire plot was expressing symptoms of wilting, yellowing, canopy defoliation, or plant death. Th e visual estimates refl ected eff ects of CBR and TSWV (Shew, 2007) . Visual estimates of disease were not recorded for corn or cotton at either location during any year these crops were planted. At both locations during 2006, 15 soil cores were collected from a depth of 0 to 12 cm on each of the two harvest rows and were combined into one sample within 2 wk before digging and vine inversion. Populations of plant parasitic nematodes, primarily root knot nematode (Meloidogyne arenaria and M. hapla) at Lewiston-Woodville, and lesion (Pratylenchus spp.), ring (Mesociconema spp.), spiral (Helicotylenchus spp.), and sting (Belonolaimus longicavdatus) at Rocky Mount, in 500-cm 3 soil were assayed by the North Carolina Department of Agriculture and Consumer Service. Samples were assayed by a combination of elutriation (Byrd et al., 1976) and centrifugation (Jenkins, 1964) . Data were transformed to the log of nematode population before analyses.
Cumulative net return (CNR) to overhead, risk, and management was calculated for each crop during each year using budgets prepared by the North Carolina Cooperative Extension Service for corn (R.E. Heiniger, personal communication, North Carolina Coop. Ext. Service, Raleigh), cotton (Brown, 2007) , and peanut (Bullen and Jordan, 2007) . Net return was calculated as the product of crop yield (kg ha -1 ) and prices of $0.12 kg -1 (corn), $1.32 kg -1 (cotton), and $0.53 kg -1 (peanut) less fi xed and variable costs for each tillage system. Peanut price refl ected the average price of Virginia market type peanut during 2007 (R.M. Sutter, North Carolina Peanut Growers Assoc., Nashville, NC). Prices for corn and cotton were in the range of prices for these commodities during the duration of the experiment. Th e same price for each commodity was used throughout the duration of the experiment. Costs of production for corn were $687 ha -1 and $647 ha -1 for conventional and reduced tillage systems, respectively. Costs for these respective tillage systems in cotton were $1272 ha -1 and $1242 ha -1 . For peanut, cost of production in conventional tillage was $1793 ha -1 while cost of production in reduced tillage was $1739 ha -1 . Cumulative net return (CNR) in $ ha -1 over the duration of the experiment was calculated for each combination of tillage and rotation system.
A soil sample in the pegging zone at a depth of 0 to 12 cm was removed from each combination of rotation and tillage within 2 wk before digging peanut during 2006 to determine bulk density (g cm -3 ). Th e sample was removed 10 cm from the planted row of peanut using a probe with a diameter of 6.5 cm. Samples were oven-dried at a temperature of 100ºC for 3 d before determining soil mass.
Data for crop yield, PCR for peanut, soil population of plant parasitic nematodes by species, CNR, and bulk density were subjected to analysis of variance appropriate for the factorial treatment arrangement including crop rotation and tillage systems. In some instances for crop yield, rotation was not a component of the analysis within a given year because of the rotation sequence. In these cases, yield response to tillage was compared. Means for signifi cant main eff ects and interactions were separated using Fisher's Protected LSD Test at P ≤ 0.05. All analyses were conducted with the general linear model procedure of SAS v 9.1 (SAS Inst., Cary, NC).
RESULTS AND DISCUSSION
Crop Yield Main eff ects of crop rotation and tillage system were significant during some years and for certain crops within a year at both Lewiston-Woodville and Rocky Mount (Tables 3 and 4) . However, the interaction of crop rotation and tillage system for crop yield was not signifi cant for any year and crop combination at either location (Tables 3 and 4) . Data for main eff ects of crop rotation and tillage system for all crops during all years are presented regardless of signifi cance of the main eff ect.
At Lewiston-Woodville, the main eff ect of crop rotation was signifi cant for peanut yield during both years (2002 and 2006) when peanut was grown in all rotations (Table 3 ). In contrast, corn and cotton yield was not aff ected by crop rotation in any year (Table 3) (Table 4) . Peanut yield at this location was higher during 2004 when 2 yr of cotton preceded peanut crops rather than just 1 yr (Table 6) .
Results from these experiments support previous research demonstrating that increasing the number of years corn, cotton, or a combination of corn and cotton are planted between peanut increased peanut yield (Ayers et al., 1989; Lamb et al., 1993; Jordan et al., 2001; Rodriguez-Kabana et al., 1987; RodriguezKabana and Touchton, 1984; Sidebottom and Beute, 1989) . In contrast to peanut, rotation did not aff ect corn or cotton yield. Although research indicates that corn rotated with leguminous crops such as soybean [Glycine max (L.) Merr.] increase yield (Katsvairo and Cox, 2000) , it is possible that the length of rotation, at the most 3 yr of cotton or cotton-cotton-corn, separated by peanut was suffi cient to maintain optimum yield of these crops in our experiment. Th e major focus of this research was to determine eff ects of rotation and tillage on peanut, and therefore a diff erent sequence of crop rotations most likely would be needed to determine rotation eff ects on corn and cotton. Peanut yield diff ered when comparing tillage systems in 1 of 4 yr (LewistonWoodville) and in 1 of 4 yr (Rocky Mount) (Tables 5 and 6 ). At LewistonWoodville, peanut yield in reduced tillage exceeded yield in conventional tillage in 2002. Conversely, peanut yield was higher at Rocky Mount in conventional tillage compared with reduced tillage in 2002. Previous research (Jordan and Johnson, 2006) suggests that lower peanut yield in reduced tillage systems is oft en associated with production on fi ne-textured soils compared with coarse-textured soils. Soil at Rocky Mount, where peanut yield was lower in the reduced tillage system in 2006, was a Goldsboro loamy sand, whereas at LewistonWoodville where yield in reduced tillage exceeded conventional tillage was a Norfolk sandy loam. However, the interaction of tillage systems and eff ects of TSWV may have contributed to a positive response to reduced tillage at Lewiston-Woodville (Brandenburg, 2007) . A clear explanation of diff erences in crop response to tillage was not forthcoming, especially for cotton.
Differences in yield were noted for cotton in 1 of 6 yr (Lewiston-Woodville) or 1 of 4 yr (Rocky Mount) when comparing tillage systems (Tables 6 and 7) . Yield was lower in reduced tillage compared with conventional tillage at Lewiston-Woodville, whereas the opposite was the case at Rocky Mount. Corn yield in these two tillage systems CT, cotton; PN, peanut. ‡ Means within a treatment factor, crop, and year combination followed by the same letter are not signifi cantly different according to Fisher's Protected LSD test at P ≤ 0.05. Data for each treatment factor are pooled over levels of the other treatment factor. Means without a letter for a treatment factor were not analyzed statistically during 1999 for cotton because this was the fi rst year of the rotation. Tillage system can be compared in 1999 for corn and cotton. § Conventional tillage consisted of disking twice, fi eld cultivating once, and simultaneously subsoiling and bedding. Reduced tillage consisted of strip tilling a 40-cm wide band on 91-cm rows using strip tillage implements consisting of two sets of coulters and basket attachments following in-row subsoiling. Depth of subsoiling was 30 to 40 cm with crops planted within 1 wk following reduced tillage or bedding. ‡ Means within a treatment factor, crop, and year combination followed by the same letter are not signifi cantly different according to Fisher's Protected LSD test at P ≤ 0.05. Data for each treatment factor are pooled over levels of the other treatment factor. § Conventional tillage consisted of disking twice, fi eld cultivating once, and simultaneously subsoiling and bedding. Reduced tillage consisted of strip tilling a 40-cm wide band on 91-cm rows using strip tillage implements consisting of two sets of coulters and basket attachments following in-row subsoiling. Depth of subsoiling was 30 to 40 cm with crops planted within 1 wk following reduced tillage or bedding.
was similar in the 4 yr where this comparison was made at Lewiston-Woodville (Table 7) .
Plant Condition Rating and Parasitic
Nematode Population in Soil Th e interaction of crop rotation and tillage system and the main eff ect of crop rotation were not signifi cant for PCR at either location (Table 8) . However, the main eff ect of tillage system was signifi cant for PCR at Lewiston-Woodville during 2002 but not during 2006 (Table 8 ). Plants at LewistonWoodville expressed symptoms characteristic for TSWV during 2002 and both CBR and TSWV during 2006 (Shew, 2007) . At Rocky Mount, plants expressed symptoms associated with TSWV only during both years. When pooled over rotation systems, a higher percentage of the peanut canopy expressed disease symptoms, diagnosed as TSWV, when planted in conventional tillage (14%) compared with reduced tillage (12%) during 2002 (data not presented in tables). At Rocky Mount, PCR was not aff ected by tillage or rotation during either year (data not presented in tables).
While increasing the number of years between peanut plantings oft en decreases CBR (Pataky et al., 1983; Phipps and Beute, 1979; Sidebottom and Beute, 1989) , our results demonstrated no diff erence in CBR expression at LewistonWoodville during 2002 when comparing rotations with two cycles of corn-peanut or cotton-peanut with one cycle of cotton-cotton-cotton-peanut and cotton-cotton-corn-peanut.
At Lewiston-Woodville during 2006, the main eff ect of crop rotation was signifi cant for root knot nematode population (Table 8) . Main eff ect of tillage system and the interaction of crop rotation and tillage system were not signifi cant. Th e length of rotation between peanut crops rather than the crop in that rotation sequence aff ected root knot nematode population. When pooled over tillage systems, a higher fi nal population of root knot nematode was noted when peanut was planted with only 1 yr of corn or cotton preceded peanut compared with a rotation of cotton-cottoncotton-peanut or cotton-cotton-corn-peanut (Table 9) . Root knot nematode populations in soil were lower when longer rotations were implemented between peanut plantings and are consistent with previous research (Rodriguez-Kabana et al., 1987; RodriguezKabana and Touchton, 1984) .
In contrast to results at LewistonWoodville, tillage aff ected populations of lesion, spiral, and stunt nematodes at Rocky Mount (Table 8) . However, tillage did not aff ect population of ring nematode. Nematode populations at this location were not aff ected by the interaction of rotation and tillage (Table 8) . When pooled over rotation, population of lesion nematode was higher in conventional tillage compared with reduced tillage (Table 10 ). In contrast, populations of spiral and sting nematodes were lower in conventional tillage compared with reduced tillage (Table 10) . A lower population of lesion and ring nematodes in conventional tillage compared with reduced tillage is consistent with other research showing lower populations of soybean cyst nematode (Heterodera glycines Ichinohe) in conventional tillage compared with reduced tillage (Chen, 2007; Edwards et al., 1988; Temperly and Borges, 2006) . Gallaher (1994, 1999) reported diff erences in dagger (Xiphinema spp.), lesion, root knot, ring, and stubby-root (Paratrichodorus minor) nematodes depending on cropping system but few diff erences when comparing conventional and reduced tillage cotton. reported no eff ect of tillage on root knot nematode when comparing rotations including cotton and peanut. Lower populations of spiral and sting nematodes in conventional tillage compared with reduced tillage was surprising and requires further investigation to understand implications for management in cropping systems including cotton and peanut.
Many of the experiments documenting lower populations of nematodes in reduced tillage compared with conventional tillage were using standard conventional tillage practices including moldboard plowing with zero tillage. With the exception of nontilled areas between strip-tilled zones, in our research tillage in the planting and pegging zones included considerable tillage including in-row subsoiling.
Cumulative Net Return
Main eff ects of crop rotation and tillage system were signifi cant for cumulative net return at Lewiston-Woodville (Table 3 ). In contrast, crop rotation and tillage did not aff ect cumulative net return at Rocky Mount (Table 4) . At both locations the interaction of crop rotation and tillage system was not signifi cant (Tables 3 and 4) . Th e highest CNR was noted when 3 yr of cotton or cotton-cotton-corn preceded peanut at Lewiston-Woodville (Table 11 ). Cumulative net return of these rotations exceeded that of 1 yr of corn or cotton separated peanut (Table 11) . Cumulative net return of the corn-peanut rotation was higher than CNR of cotton-peanut (Table  11) . Cumulative net return was higher in reduced tillage than conventional tillage at Lewiston-Woodville (Table  11 ). In contrast, no difference in cumulative net return was observed when comparing reduced tillage with conventional tillage at Rocky Mount (Table 4) . When pooled over tillage systems, CNR was $257 ha -1 in the rotation including cotton during 2000 and 2001 followed by alternating peanut and cotton thereafter compared with $111 ha -1 when cotton and peanut were alternated during all years of the experiment (Table 11) . When pooled over rotations, CNR was -$136 ha -1 in conventional tillage and $503 ha -1 in reduced tillage (Table 11) .
Differences in CNR at Lewiston-Woodville were not only affected by rotation and tillage but also the year specific crops were planted in the rotation. Considerable difference in environmental conditions occurred over the duration of the experiment. For example, during 1999 three hurricanes or tropical storms damaged crops before harvest and reduced efficiency of harvest at Lewiston-Woodville (Table 2) . Lower CNR at Lewiston-Woodville for the shorter rotation with cotton and peanut was a reflection of low cotton yields during 1999 and higher production costs for cotton ($1242 ha -1 to $1272 ha -1 ) compared with corn ($647 ha -1 to $687 ha -1 ) during other years. Additionally, planting more years of corn, cotton, and the combination of these crops between peanut plantings increased peanut yield compared with peanut yield in shorter rotations. In these experiments, where a common cost of production was considered across the duration of the experiment, peanut in shorter rotations with similar costs resulted in lower CNR due to lower yield. Lack of a difference in CNR between rotation systems at Rocky Mount most likely was a reflection of only one difference in the rotations over the duration of the experiment.
Bulk Density in Pegging Zone
Bulk density 10 cm from the planted row at a depth of 0 to 12 cm did not diff er when comparing tillage systems and varied from 1.56 to 1.62 g cm -3 at Lewiston-Woodville (P = 0.1083, F = 2.2) and 1.30 to 1.40 g cm -3 at Rocky Mount (P = 0.2374, F = 1.5) (data not shown in tables). Th ese results were not surprising, given that considerable tillage was implemented in the pegging zone in both tillage systems. Results from this research suggest that no diff erence in bulk density and perhaps pegging of peanut would be expected in the majority of the pegging zone when comparing conventional tillage with reduced tillage that include strip tillage and in-row subsoiling.
In summary, these experiments demonstrate the complexity of cropping systems when biological and economical components are considered. Th e primary objective of this research was to determine interactions of crop rotations and tillage systems with respect to peanut. Although diff erences in peanut yield were associated with crop rotation and tillage system, these data suggest that while farmers should expect some diff erences in peanut yield due to rotation and tillage, response to these management practices most likely will be independent. 198 a 503 a † CNR, cumulative net return; CR, corn; CT, cotton; PN, peanut. ‡ Means within a treatment factor and location followed by the same letter are not signifi cantly different according to Fisher's Protected LSD test at P ≤ 0.05. Data for each treatment factor are pooled over levels of the other treatment factor. § Conventional tillage consisted of disking twice, fi eld cultivating once, and simultaneously subsoiling and bedding. Reduced tillage consisted of strip tilling a 40-cm wide band on 91-cm rows using strip tillage implements consisting of two sets of coulters and basket attachments following in-row subsoiling. Depth of subsoiling was 30 to 40 cm with crops planted within 1 wk following reduced tillage or bedding.
